Differential cross sections for the exclusive reaction p ជ p → pp observed via the → + − 0 decay channel have been measured at T beam = 2.15 GeV, 2.50 GeV, and 2.85 GeV (excess energies 324 MeV, 412 MeV, and 554 MeV). The influence of the N͑1535͒S 11 resonance is clearly seen in the invariant mass and momentum dependent differential cross sections. The extracted resonance parameters are compatible with existing data. No significant evidence for further resonance contributions has been found. In addition, angular distributions of the pp final state have been measured. The polar angle distribution of the shows an anisotropy with respect to the beam axis for the lowest beam energy, which vanishes for the higher energies. The sign of this anisotropy is negative and expected to be sensitive to the dominant production mechanism. In contrast, the proton polar angle in the pp rest frame tends to be more strongly aligned along the beam axis with increasing beam energy. The analyzing power A y is compatible with zero for all beam energies.
I. INTRODUCTION
In recent years the production of mesons in protonproton reactions has raised significant interest both experimentally and theoretically, since modern techniques allow to determine total and differential cross sections more precisely. After early bubble chamber experiments [1] that measured total cross sections, in the last decade a new series of experiments have provided high statistics data in the near threshold region with beam energies of less than 2 GeV at SATURNE II [2] [3] [4] , CELSIUS [5, 6] , and COSY [7] [8] [9] [10] . These data have been interpreted in the framework of one-boson exchange models [11] [12] [13] [14] [15] [16] [17] , which differ in predictions for the dominant contribution of the , , , and exchange mesons. The general conclusion was that the knowledge of the total cross section is not sufficient for a clear discrimination of the contribution of the individual mesons and therefore differential cross sections and/or polarization observables such as the analyzing power are needed.
At CELSIUS [6] , angular distributions of the emission in the center-of-mass (c.m.) system as well as for the protons in the pp rest frame have been measured in proton-proton collisions at near threshold energies (excess energies Q = ͱ s − s 0 = 16 and 37 MeV). It has been shown that the differential cross section as a function of the c.m. polar angle c.m. is not isotropic and shows a maximum of emitted mesons perpendicular to the beam direction. The angular distribution measurement at COSY [10] at similar excess energies shows, however, no deviation from isotropy, which is in contradiction to the measurement at CELSIUS. The data measured with the SPES-3 spectrometer at SATURNE II [4] at a larger excess energy Q = 100 MeV show a strong forward peaking of the produced mesons. In addition, there are data on the analyzing power A y available measured with SPES-3 and at COSY [9] .
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The shape of the angular distributions measured at CELSIUS has been interpreted by Fäldt and Wilkin [16] as due to a dominant excitation of the N͑1535͒S 11 by the exchange of vector mesons with destructive / interference. The angular distributions should be forward peaked if exchange would be dominant. In a recent calculation of Nakayama et al. [17] , however, it has been shown that this shape could as well be explained by a excitation of the resonance by pseudoscalar mesons with mesonic current interference. Since both scenarios, the dominant pseudoscalar and vector meson exchange, lead to similar predictions for the angular distributions, additional data such as the analyzing power A y as a function of cos͑ c.m.
͒ are needed to disentangle these two scenarios. In this context, the COSY data on the analyzing power at Q = 40 MeV [9] seem to favor vector meson exchange.
For excess energies larger than Q = 100 MeV, no differential cross sections have been measured so far. Such measurements are needed to investigate the contributions of the individual exchange mesons at higher energies where final state interactions are small.
In addition, detailed knowledge of the production mechanism is important for the interpretation of the N͑1535͒S 11 resonance which has a large branching ratio into p of 30-55% [18] and a mass pole slightly above the p threshold. Despite theoretical efforts [19] to understand this large coupling to the channel of the N͑1535͒S 11 , the underlying structure of this resonance is still not clear.
In this paper, differential cross sections for the exclusive reaction p ជ p → pp are presented, which have been measured with the DISTO spectrometer [20] at Q = 324 MeV, 412 MeV, and 554 MeV. First, an overview of the apparatus and the data analysis techniques are given. In the second part, the p invariant mass, momentum, and angular differential cross sections as well as the analyzing power are presented.
II. EXPERIMENT

A. Apparatus
The DISTO magnetic spectrometer was located at the SATURNE II accelerator. Polarized proton beams with kinetic energies of 2.15 GeV, 2.50 GeV, and 2.85 GeV were directed to a liquid hydrogen target. The detector consisted of a large dipole magnet which covered the target as well as two sets of scintillating fiber arrays. Outside the magnetic field, two sets of multiwire proportional chambers (MWPC) were mounted, along with segmented plastic scintillator hodoscopes and water Čerenkov detectors. The large solid angle of the detector allowed final states with four charged particles to be measured. It should be remarked that under the same conditions of four charged particles in the final state various reactions have been measured simultaneously, like
The hodoscope and the fiber arrays were used for the trigger condition whereas the MWPC and the water Čerenkov detectors were employed for momentum determination and particle identification, which allowed a separation of protons and pions over the relevant large momentum range.
B. Data analysis
Exclusive production has been observed via the kinematically overdetermined reaction pp → pp → pp + − 0 (branching ratio 22.6± 0.4% [18] ). The three-momentum of each charged particle has been calculated from its deflection in the magnetic field. The tracks were reconstructed using the hit pattern information of the MWPC. In order to get the four-momentum vector, the protons and charged pions in the final state have been identified and assigned to the individual tracks.
The particle identification was performed by applying a mass hypothesis to each particle simultaneously. This method selects the hypothesis with the minimum joint 2 value which is calculated for each possible combination of the measured tracks to the expected charged particles in the final state ͑pp + − ͒. We calculated the 2 by comparing the measured Čerenkov light output to the expected value based on the mass hypothesis and the three-momentum. The lowest 2 has been used to assign the particle masses to the tracks. These selection criteria improved the signal-to-background ratio by over a factor of 4 at the expense of a 40% reduction of the signal. It has been confirmed that the results presented below are not significantly affected by 30% changes to the ͑M pp + − miss ͒ 2 selection range. A further suppression of background and gain in resolution has been achieved by a kinematic refit, where the momenta of all four tracks have been redetermined with the additional constraint that M pp + − miss = M 0 [22] . The acceptance of the detector has been determined by means of the Monte Carlo simulations, which were processed through the same analysis chain as the measured data. The simulations indicate a very low acceptance of the apparatus for events in which the were produced in the backward hemisphere in the c.m. reference frame. However, since the initial system consists of two identical particles, a reflection symmetry about c.m. = 90°exists, thus the backward data are redundant for the cross section determination. In the forward hemisphere the detector acceptance was found to be nonzero over the full kinematically allowed region after taking all symmetries into account, thus eliminating the need for model dependent extrapolations of the cross section into unmeasured regions of phase space. The data presented below have been corrected on an event-by-event basis via a weighting factor as a function of all relevant variables.
The three body pp final state can be fully described by five independent variables. We have chosen the invariant masses ͒ describes the additional rotation of the decay plane about the axis defined by the c.m. momentum vector. For the differential cross sections, the c.m. distribution must be isotropic for symmetry reasons because we integrate over both beam polarization directions and the relative luminosities were equal. Therefore the kinematically allowed phase space has been divided into four-dimensional kinematic bins, corresponding to the remaining independent variables M p 1 inv , M p 2 inv , c.m.
, and pp c.m.
. However, for the determination of the spin-dependent observables we included c.m. as an additional dimension in our matrix. The efficiency correction factor was determined for each bin separately by dividing the number of generated pp events by the number of reconstructed events in the corresponding acceptance bin. It has been shown that this method is independent of the primary distribution used by the event generator. For a detailed discussion see Ref. [23] .
After all selection conditions, the data still contain background from nonresonant + − 0 production. In order to extract the yield, the pp missing mass spectrum was ana- system at each beam energy after correction for detector acceptance. Due to the large systematic uncertainty of the beam current normalization, we do not provide values for the total cross section for the pp → pp reaction. However, a large amount of data on the total cross section for this reaction are known from many other experiments, allowing us to obtain the absolute normalization of our data, as shown in Ref. [23] . The values of the total cross sections used to normalize our data were 85± 20b, 115± 30b, and 135± 35b for the T beam = 2.15 GeV, 2.50 GeV, and 2.85 GeV beam energies, respectively. Since the absolute normalization enters only as a global scale, the related error bars have not been included in the errors of the individual bins in the data presented here.
Each bin of the differential cross sections has an individual error due to systematic effects, which are dominated by the acceptance correction and background subtraction. To evaluate the bin-by-bin errors, both the statistical error from the minimization routine and the bin-by-bin systematical error have been taken into account. The systematic error has been obtained by comparing different background parametrizations with similar 2 values and is included in all differential cross sections presented in this work. 
Dalitz plots and invariant mass spectra
The presentation of the data in the Dalitz plot is a powerful method to investigate structures in the pp system, such as the excitation of N * resonances and final state interactions. One possible choice of the invariant mass combinations is M p 1 inv and M p 2 inv . Figure 2 shows Dalitz plots for all three beam energies, where the yield in each phase space bin has been evaluated as described above. The solid curve represents the kinematic limits of the reaction. In order to correct for effects due to the kinematic limit, the bins at the edge have been divided by the fraction of the kinematic allowed region within this bin. The data points that appear to be outside the kinematic limit arise from the finite bin size. All Dalitz plots show a clear enhancement at the p threshold, which can be assigned to the N͑1535͒S 11 resonance. This signal is in agreement with S-wave behavior of the N͑1535͒S 11 and consistent with a width of 100− 200 MeV [18] . Since both outgoing protons p 1 and p 2 are randomly selected by the analysis procedure, the Dalitz plots have a reflection symmetry with respect to the diagonal.
Due to the limited detector acceptance, protons from the decay of the N͑1535͒S 11 are predominantly observed in the forward c.m. hemisphere. Thus, the proton-combination most likely originating from the N͑1535͒S 11 can be determined by sorting the outgoing protons according to the absolute value of the four-momentum transfer ͉t͉ from the incoming beam proton to each of the outgoing protons. The final state protons are now labeled p Ͻ and p Ͼ such that ͉t͑p Ͻ ͉͒ Ͻ ͉t͑p Ͼ ͉͒, and the invariant masses of the p systems are now denoted as M p Ͻ inv and M p Ͼ inv . Figure 3 shows the invariant mass distribution M p Ͻ inv , divided by the volume of available phase space, which is proportional to the square of the decay matrix element ͉M͉ 2 of the p Ͻ system. All data sets at our three beam energies are in agreement within the errors. The data points have been normalized by setting the integral in the range 1.485Ͻ M p Ͻ inv Ͻ 1.81 GeV/ c 2 to the same value.
As pointed out in Ref. [24] , the deviation from ͉M͉ 2 due to the near-threshold resonance N͑1535͒S 11 can be described by a Breit-Wigner distribution
where M R and ⌫ R are the resonance mass and width, and x is the correction
for the energy dependent width. The parameters q , ͑M͒ are the c.m. momenta of the respective mesons. The branching ratios have been set to b = 0.55, b = 0.45, and b = 0 as in Ref. [24] . It should be noted that a possible modification of the fit results due to the uncertainties of these branching ratios is much smaller than the statistical error from the fit to the data. The best fit result is presented as the solid line in ered the full resonance signal [25] , is still within 2 of our data.
Momentum differential cross sections
In addition to the invariant masses as used in the Dalitz plot, two independent momenta can be used to describe the internal motion of a three body final state. Here, we have selected the momentum of the meson in the c.m. system q ជ and the momentum of a proton in the pp rest frame p ជ. A projection of the yield onto p and q allows a sensitive test for the presence of higher partial waves [26] in the cross section not associated with the N͑1535͒S 11 . Figure 4 shows these It can be seen that the momentum differential cross sections exhibit a strong influence of the resonance signal and differ clearly from phase space, as already pointed out by Vetter et al. [12] . Beside the N͑1535͒S 11 contribution, no further higher partial waves are needed for the interpretation of these data.
Angular distributions
After having presented the dependence of the production cross section on the p and q momenta, we consider here ͒. The solid curves are fits to the data using formula (5). the cross section behavior as a function of the three other variables describing the pp final state. When integrating over both polarization states, the system has rotation symmetry around the beam axis. In that case only two angles carry significant information: cos c.m.
, which is the polar angle between the meson and the beam direction in the c.m. system (as used in our acceptance matrix), and cos p pp , which is the angle between the relative pp motion and the beam axis in the pp rest frame following the notation in Ref. [6] . Because the two protons are identical, we have chosen the angle of the proton in the forward hemisphere. These two angular distributions are given in Fig. 5 for each measured energy. Because cos p pp is only defined between 0 and /2, we have scaled the related differential cross sections by a factor of 1 / 2. Both distributions have been fit with
to evaluate the anisotropy of the angular distribution described by c 2 . c 0 is a normalization factor and L 2 the second Legendre polynomial. The c 2 values for the different beam energies are listed in Table I . At the lowest beam energy, these results indicate an anisotropy of the produced meson perpendicular to the beam direction. The anisotropy is smaller for the 2.50 GeV data and vanishes for the highest energy. The c 2 contribution of the protons has the tendency to increase with the beam energy.
Analyzing power
The analyzing power A y has been evaluated by determining the cross section after a full acceptance correction for mesons emitted right and left of the beam, and for each beam polarization direction. Since the relative luminosity of both beam polarization directions was equal, the measured spin-dependent cross section of mesons L,R ↑,↓ can be directly used to calculate the analyzing power,
The magnitude of the vertical beam polarization is p b = 0.73± 0.05 for the 2.85 GeV and the 2.50 GeV beam energy, and p b = 0.80± 0.01 for the 2.15 GeV beam energy, determined by the proton elastic scattering. All measured A y , summarized in Table II are consistent with zero within about 1. In addition, we have investigated the analyzing power as . Figure 6 which is the predicted formula for exchange [16] . All data sets are in agreement to this formula within one sigma. The results for A y max are listed in Table II . These values are compatible with zero at the two highest beam energies, whereas the analyzing power of the 2.15 GeV data shows a very slightly positive A y max .
It should be noted that the analyzing power at Q = 40 MeV seems to favor the exchange [9] . Theoretical predictions on the behavior of both the A y ͑cos c.m.
͒ and the A y max allowing a direct interpretation of our data are not yet available for higher excess energies.
III. SUMMARY AND DISCUSSION
In this paper we present the results of exclusive measurements for the reaction p ជ p → pp at the beam kinetic energies of T beam = 2.15 GeV, 2.50 GeV, and 2.85 GeV. The relevant variables describing a three body final state were fully determined in the whole kinematic range of interest. Taking the invariant masses M p 1 inv and M p 2 inv we constructed the pp Dalitz plots that clearly show the signal from the N͑1535͒S 11 resonance, whose peak position and width are compatible to existing data [18, 24, 25] . When the momentum in the c.m.
system and the p momenta in the pp rest frame are chosen evidence for the N͑1535͒S 11 also appears. Beside the influence of the N͑1535͒S 11 and a small nonresonant contribution, no significant contributions of higher partial waves or proton-proton final state interactions can been extracted from the data. In addition, angular distributions of differential cross sections have been investigated indicating that the polar angle anisotropy of the in the c.m. system gradually vanishes with increasing beam energy. Moreover, the protons in the pp rest frame have the tendency to be more strongly aligned with the beam axis at higher energies, as shown in Fig. 7 .
The sign of the anisotropy in our data point at Q = 324 MeV is the same as observed in photoproduction at the MAMI [24] and GRAAL facilities [25] , which corresponds to mesons being emitted preferentially perpendicular to the beam axis. The production anisotropy with pion beams [27] , however, has the opposite sign. According to the vector dominance model, where the photon is coupling via an intermediate vector meson to the proton, this could be a hint for a dominant exchange of vector mesons for the production in pp collisions. For a more detailed interpretation, however, theoretical effort is needed since the interference between the dominant resonant production and the small nonresonant contribution involving mesonic current may lead to a flip of the anisotropy sign [17] .
For the near-threshold CELSIUS data, Fäldt and Wilkin concluded from the shape of the angular distribution that the resonance excitation via exchange is the dominant term. However, in the model of Nakayama et al. [17] , which has been modified recently [28] to describe the new invariant mass spectra from COSY at Q = 15 and Q = 40 MeV [10] , the dominant contribution is the exchange of pseudoscalar mesons. It should be noted that even the angular distributions from the higher statistics COSY data [10] are not sufficiently sensitive to distinguish between the model of Fäldt and Wilkin and the model of Nakayama et al. In this context, spin observables may help to disentangle those models, as pointed out in Refs. [17, 28] . Our measured analyzing powers at all beam energies are compatible with A y = 0. Using the fit to the exchange formula, a slight deviation from zero can be seen for the lowest beam energy. Since the existing calculations are only done for the nearthreshold regime, a direct comparison of our data with these models is not yet possible. However, the behavior of the angular distributions and the A y max of our data should be taken into account together with the new near-threshold data from COSY in upcoming model calculations. In addition, experimental effort is needed for the region of 40 MeV ϽQ Ͻ 300 MeV.
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APPENDIX: DATA TABLES
In this appendix the differential cross sections presented in the figures above are listed in Tables III-VI. In Tables IV  and V , additional global systematic uncertainties of the absolute scale of 22%, 30%, and 33% for the T beam = 2.15 GeV, 2.50 GeV, and 2.85 GeV beam energies, respectively, have to be included. 
